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Powder mixtures of NH4-exchanged zeolite A and MgO, and of NH4-exchanged mordenite and
MgO were used as starting materials in the synthesis of crystalline ceramic materials. Conven-
tional ball milling was applied in order to amorphize NH4-exchanged zeolites, reduce the particle
size of MgO, and produce a homogeneous mixture. Solid-state transformation of the mixtures
after heating at the temperature of their phase transformations in the interval 800 °C–1000 °C
for 3 hours yielded crystalline forsterite (Mg2SiO4) with possible minor amounts of sapphirine
(Mg4Al10Si2O23) in the first case, and to crystalline forsterite (Mg2SiO4) with traces of enstatite
(MgSiO3) in the second case.
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INTRODUCTION
Forsterite is an end member of the olivine group of min-
erals named after the German scientist J. Forster. It con-
sists of a pure magnesium silicate with the chemical for-
mula Mg2SiO4. When the iron content increases over
50 %, it is named fayalite. Due to its high melting point
and infusibility, withstanding temperatures of more than
1500 °C, the olivine group minerals are among the first
to crystallize from magma. This is particularly useful in
interpreting the origin of igneous rocks. The composi-
tion of the olivine in a given rock should reflect, to some
extent, that of the parent magma. Forsterite is found in
olivine of ultramafic igneous rocks highly enriched in
iron and magnesium (dunites and peridotites), many
iron-nickel meteorites, and chondrite meteorites. The for-
sterite-fayalite solid solution series is sometimes used in
the manufacture of refractory brick. Magnesium-rich ol-
ivine is unstable in a high-silica environment and is
never found in equilibrium with quartz.
Like clinoenstatite (MgSiO3), synthetic forsterite has
extremely low electrical conductivity.1,2 This makes for-
sterite ceramics ideal substrate material for electronics.
Due to its good refractoriness with the melting point at
1890 °C, excellent electrical insulation properties even
at high temperatures, low dielectric permittivity, thermal
expansion and chemical stability, forsterite is a material
of interest to engineers and designers, especially as an
active medium for tunable laser.3–5 It is also of interest
to the SOFC (Solid Oxide Fuel Cells) manufacturers be-
cause of its thermal expansion properties and chemical
stability.
Forsterite has been synthesized by solid-state reac-
tion between MgO and SiO2,6 or bauxite and MgCO3,7
but also by various sol-gel methods,2,8,9 which include a
H2O2-assisted process.10 Forsterite whiskers were obtain-
ed by an oxidation-reduction reaction at 1500 °C using
starting materials such as graphite, MgO, Al, and SiC.11
The aim of this study is to investigate the synthesis
of crystalline forsterite using different zeolite precursors
previously activated by ball milling. Use of zeolites as
precursors has been chosen because of their uniform and
narrow particle size distribution that enables a better con-
trol over the microstructure of the resulting ceramic phase.
NH4-exchanged zeolite A and NH4-exchanged syn-
thetic mordenite are used as starting materials because a)
of the suitable ratio of SiO2/Al2O3 oxides in their com-
position, which results in a different percentage of for-
sterite phase in the product, b) they are easy to prepare
and are also easy to provide commercially, c) using the
ion exchange ability of zeolites, it is easy to eliminate
sodium cations and convert them to the NH4-form of ze-
olite, which is much more suitable for thermal transfor-
mation (NH3 is removed as a gas leaving a clear compo-
sition consisting of Al and Si in desired amounts), and
finally d) they are inexpensive.
In this research, the solid-state phase transformations
were observed at temperatures below 1000 °C.
EXPERIMENTAL
Zeolite Linde 4A (Na2O · Al2O3 · 1.98SiO2 · 2.12H2O),
synthesized by a known procedure12 in our laboratory, and
synthetic mordenite (Na2O · Al2O3 · 8.7SiO2 · 7.24H2O), a
product of Union carbide Corp., were used as starting mate-
rials. Ion-exchange of the original Na+ ions from the zeolite
was carried out by a previously described procedure.13,14
MgO was a product of Ventron with 99.5 % purity. X-ray
diffraction analysis identified it as periclase (MgO) (Ref.
15; PDF 43-1022) and brucite (Mg (OH) 2) (Ref. 15; PDF
44-1482).
A mixture of NH4-exchanged zeolite A and MgO in a
mass ratio 1:0.15, and a mixture of NH4-exchanged synthe-
tic mordenite and MgO in a mass ratio 1:1, were mechani-
cally treated in a planetary ball mill (Fritsch Pulverisette type
7). A certain amount of the mixture was put in an agate ves-
sel containing 10 agate balls ( = 10 mm) and 4 agate balls
( = 12 mm), and then milled for a predetermined time, tm
(10 min, 1 h, 3 h, 5 h, 6 h and 10 h).
The samples collected after 5 h (for the mixture of NH4-
-exchanged zeolite A and MgO) and 10 h (for the mixture
of NH4-exchanged synthetic mordenite and MgO) of mill-
ing were heated in a chamber furnace with controlled tem-
perature (ELPH –2, Elektrosanitarij) at the temperature ob-
tained by thermal analysis as the exothermic peak in the DSC
curves. The samples were heated isothermally at an appro-
priate temperature for 3 h.
Starting materials, the milled and the subsequently post-
-annealed samples were characterized as follows.
XRD patterns of the samples were obtained on a Phi-
lips X’Pert PRO X-ray diffractometer using Cu-K radia-
tion. Powder diffraction data were collected in the range
from 4° to 63° 2, with the step size of 0.02°. The obtained
d-spacing and the relative intensities of the X-ray diffrac-
tion lines were compared with the reported literature val-
ues.15
Infrared transmission spectra of the solid samples were
obtained with the KBr wafer technique. The spectra were
recorded using a FT-IR spectrometer System 2000 FT-IR
(Perkin-Elmer) in the region from 400 to 4000 cm–1 (20
scans).
Thermal analysis (DSC, differential scanning calorime-
try and TG, thermogravimetry) of the sample obtained after
5 h and 10 h of milling was performed by a Netzch STA
409 simultaneous thermal analysis apparatus under a constant
air flow of 30 cm3 min–1. Platinum crucibles and alumina
were used as a reference. The heating rate was 10 K min–1.
RESULTS AND DISCUSSION
In order to obtain a homogeneous mixture before the
thermal treatment, the starting materials were treated in
a high-energy ball mill. IR spectra show that zeolite was
completely amorphized after 5 h of milling in the case of
NH4-exchanged zeolite A (Figure 1), and after 10 h in
the case of NH4-exchanged synthetic mordenite (Figure
2). The ball milling of MgO, in both cases, resulted in a
type I amorphization, which means that the amorphization
is caused by the lowering of the crystallite size only.16
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Figure 1. Infrared transmission spectra of NH4-exchanged zeolite
A (a) and of the samples obtained by ball milling of the mixture of
NH4-exchanged zeolite A and MgO in a ratio 1:0.15 for 10 min
(b), 1 h (c), 3 h (d), and 5 h (e).
After 6 h of milling, MgO retains its crystallinity, reduc-
ing the particle size (Figure 3).
The IR spectrum of the starting NH4-exchanged ze-
olite A powder in the mixture contains all the character-
istic bands of zeolite A: the broad band at 1000 cm–1 as-
signed to asymmetric stretching mode, the weak band at
670 cm–1 assigned to symmetric stretching mode, the in-
tense band at 558 cm–1 assigned to external vibrations
related to D-4 rings, and the band at 463 cm–1 assigned
to T–O bending (see spectrum a, Figure 1).16,17 Loss of
crystallinity is accompanied by a decrease of the band at
558 cm–1, and its shifting to 563 cm–1. Also, the weak
band at 670 cm–1 disappears and a new broad band at
710 cm–1 and a shoulder at 850 cm–1 appear (see spectra
c, d and e, Figure 1). Changes of the IR spectra lead to
the conclusion that the long–range ordering of the Si and
Al atoms of the crystal framework of zeolite was trans-
formed to short-range ordering, and the amorphization of
zeolite was caused by the breaking of "external" Si-O-Si
and Si-O-Al bonds of the zeolite framework structure.
Amorphization of the NH4-exchanged zeolite A follows
the type II amorphization, which means it is caused by
structural changes on the molecular level and not by the
lowering of the crystal size below the X-ray detection
limit. Amorphization by ball milling was completed af-
ter 5 h (see spectra e, Figure 1). The bands at 455 cm–1,
1400 cm–1 and 1491 cm–1 belong to MgO. As the particle
size of MgO is decreasing, the band at 1491 cm–1 disap-
pears and the bands at 1400 and 1650 cm–1 are shifted to
1410 and 1655 cm–1.
Similar results are obtained by the evaluation of the
changes in the IR-spectra of the second starting material,
the mixture of NH4-exchanged synthetic mordenite and
MgO caused by ball milling (see Figure 2). NH4-exchang-
ed synthetic mordenite progressively loses its crystallinity
as a function of milling time, tm, and is completely trans-
formed to an amorphous phase after 10 h of a mechani-
cal action. The longer time needed for complete amor-
phization of synthetic mordenite than for full amorphi-
zation of NH4-exchanged zeolite A can be explained by
the higher stability of 5-1 SBU in NH4-exchanged syn-
thetic mordenite18 compared to the stability of D-4 and
D-6 SBU in NH4-exchanged zeolite A, as well as by the
higher Si/Al ratio in NH4-exchanged synthetic mordenite
(Si/Al  5) than in NH4-exchanged zeolite A (Si/Al = 1).19
The strongest vibration at 1015 cm–1 is assigned to a T-O
stretch, involving motion probably associated with the
oxygen atom. The next strongest band at 463 is assigned
to a T-O bending mode. Stretching modes are assigned in
the region of 650–820 cm–1. The band at about 650 cm–1
corresponds to the symmetric stretching of T-O bonds.
The most significant change in the amorphization of syn-
thetic mordenite is the decreasing of the bands charac-
teristic of the crystal structure of synthetic mordenite,17
i.e., the band at 540 cm–1 characteristic of the 5–1 sec-
ondary building units (SBU) and the band at 650 cm–1.
X-ray powder diffractograms presented in Figure 3
show mixtures of NH4-exchanged zeolite A and MgO (a),
and of NH4-exchanged synthetic mordenite and MgO (d)
to have one characteristic amorphous halo after ball mil-
ling treatment. This indicates amorphization of zeolite and
two wide peaks at 43 and 62 ° belong to MgO.
The DSC curve of NH4-exchanged zeolite A and MgO
mixture after 5 h of ball milling (Figure 4A, a) is charac-
terized by an endothermic peak at 100 °C < T < 200 °C
caused by loss of water from the mixture. The endothermic
peak at about 260 °C is accompanied by decomposition
of the NH4+ cation and removal of NH3 gas. The three
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Figure 2. Infrared transmission spectra of NH4-synthetic morde-
nite (a) and of the samples obtained by ball milling of the mixture
of NH4-synthetic mordenite and MgO in a ratio 1:1 for 10 min
(b), 1 h (c), 3 h (d), and 10 h (e).
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Figure 3. Series of the representative powder patterns of the sam-
ples: the mixture of NH4-exchanged zeolite A and MgO in a ratio
1:0.15 (a), and the mixture of NH4-synthetic mordenite and MgO
in a ratio 1:1 (b) obtained after ball milling for 5 h and 10 h, re-
spectively. Patterns (c) and (d) were obtained after heat treatment
of sample (a) at 918 oC (c) and 974 oC (d), and (e) was obtained
after sample heating (b) at 855 oC.
exothermic peaks at temperatures of 918, 947, 974 °C
are related to the phase transformation of the mixture to
forsterite and minor amounts of other phases. DSC curve
of NH4-exchanged synthetic mordenite and MgO mix-
ture after 10 h of ball milling (Figure 4A, b) shows an
endothermic peak at 111 °C caused by water loss from
the mixture. The endothermic peak at about 367 °C is re-
lated to decomposition of the NH4+ cation and removal
of NH3 gas as well as removal of the zeolitic water. The
exothermic peak at the temperature of 855 °C is caused
by the phase transformation of the mixture to forsterite
and minor amounts of enstatite. The weight loss (Figure
4B, a, b) is given for both mixtures.
Thermal treatment of both investigated mixtures at
temperatures of the exothermic peaks in DSC curves al-
lows formulation of ceramic materials suitable for vari-
ous engineering applications.
X-ray diffraction patterns (Figure 3 b, c, Figure 5 a)
and IR spectra (Figure 6 a, b) for NH4-exchanged zeolite
A and MgO mixture show that, at both temperatures of
the corresponding exothermic peaks, a mixture of forste-
rite and an amorphous phase is obtained. Additionally,
the spinel (MgAl2O4) phase and / or sapphirine might be
present.
Diffraction patterns of the samples treated at 918 °C
(Figure 3 b) and 974 °C (Figure 3 c, Figure 5 a in detail)
exhibit halos superimposed by sharp reflections corre-
sponding to crystalline forsterite PDF 34–0189 (Ref. 14),
and possibly spinel PDF 21–1152 and sapphirine phase
PDF 11–0607 (Ref. 14). Two intensive amorphous ha-
los at 22.85 and 30.25 2o differ from the diffraction
pattern of amorphous SiO2 with one halo. It may be con-
cluded that at least two amorphous phases coexist.
Taking into consideration the stoichiometrics of the re-
action mixture, two possible combinations of the amor-
phous phases could exist: amorphous phases related to
SiO2 and forsterite, which have not crystallized yet or
amorphous mullite (3Al2O3  2SiO2) and SiO2. Compar-
ing the halos of the samples in Figure 4 with the known
data obtained for the amorphous phases of SiO2 and
mullite,20 it may be concluded that the amorphous phase
is a mixture of (3Al2O3  2SiO2) and SiO2.
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Figure 4. DSC (A) and TG (B) curves of the mixture of NH4-ex-
changed zeolite A and MgO ball-milled for 5 h (a), and of the mix-
ture of NH4-synthetic mordenite and MgO ball-milled for 10 h (b).
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Figure 5. Difractograms of the products obtained after calcinating
the milled mixture of NH4-exchanged zeolite A and MgO at 974 oC
(a), and the milled mixture of NH4-synthetic mordenite and MgO
at 855 oC (b). The letters in patterns a) and b) indicate the angu-
lar positions of XRD peaks belonging to various crystalline phases
likely to appear in the treated samples. F for forsterite, E for ensta-
tite, and S for sapphirine.
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Figure 6. Infrared transmission spectra of the mixture of NH4-ex-
changed zeolite A and MgO ball-milled for 5 h and heated at
918 °C (a) and (974 °C) (b), and of the mixture of NH4-synthetic
mordenite and MgO ball-milled for 10 h and heated at 855 °C (c).
The X-ray diffractogram (Figure 3 d, Figure 5 b in
detail) obtained for the mixture of NH4-exchanged synthe-
tic mordenite and MgO calcined at 855 °C shows that the
product is forsterite (Mg2SiO4) Ref. 15; PDF 32–0189
and traces of enstatite (MgSiO3) Ref. 15; PDF 07–0216.
Due to the lower content of aluminum in the synthetic
mordenite composition, additional phases like spinel or
sapphirine are not obtained.
FT–IR spectra (Figure 6 a, b) for the mixture of NH4-
-exchanged zeolite A and MgO, milled for 5 h and heated
at 918 and 974 °C, exhibit the characteristic bands of
forsterite.10 The peaks at 1000, 842, 616, 505, 462 and
429 cm–1 belong to forsterite since peaks at 892, 718,
530 cm–1 are related to other phases. The peaks around
1000 cm–1 are assigned to Si-O stretching modes and
those around 500 cm–1 to Mg-O stretching or Si-O bend-
ing modes.
FT-IR spectrum (Figure 6 c) for the mixture of NH4-
-exchanged mordenite and MgO, milled for 10 h and
heated at 855 °C, shows only the characteristic bands of
crystalline forsterite.10,21,22
CONCLUSIONS
Ball milling of the mixture of NH4-exchanged zeolite A
and MgO, and the mixture of NH4-exchanged synthetic
mordenite and MgO, resulted in the formation of an X-
ray amorphous aluminosilicate and in a decrease of the
particle size of crystalline MgO. By heating the mecha-
nochemically treated mixtures at the temperatures of their
phase transformation, which were observed as the tem-
peratures of the exothermic peaks of the DSC curves,
ceramic materials suitable for various applications were
synthesized.
The mixture of NH4-exchanged zeolite A and MgO,
after milling for 5 h in a high energy ball mill and subse-
quent heating at 918 °C and 974 °C, transforms to for-
sterite powder and possibly small amounts of spinel and
sapphirine.
The mixture of NH4-exchanged synthetic mordenite
and MgO, after grinding for 10 h in a high-energy ball
mill and heating at 850 °C, transforms to a crystalline
powder of forsterite and traces of enstatite. Using proper
amounts of NH4-exchanged synthetic mordenite and MgO
as starting materials, pure forsterite may be synthesized
by milling and subsequent heating of the mixture.
NH4-exchanged synthetic mordenite and MgO as
starting materials were found to be more suitable for the
synthesis of forsterite because of the lower content of Al
(Si/Al  5) in the synthetic mordenite composition than
in zeolite A (Si/Al  1). The Al content favours the syn-
thesis of sapphirine or spinel.
The temperature of the observed transformations is
much lower compared to the temperature required for the
thermal transformation of mechanically untreated samples.
The findings of this paper offer interesting possibili-
ties for the synthesis of pure forsterite or sapphirine us-
ing different ratios of NH4-exchanged zeolites and MgO,
previously mechanochemically treated in order to decrease
the temperature of a possible phase transformation.
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SA@ETAK
Sinteza forsterita iz zeolitnih prekursora
Cleo Kosanovi}, Nada Stubi~ar, Nenad Toma{i}, Vladimir Bermanec, Mirko Stubi~ar i Hrvoje Ivankovi}
Pra{kaste smjese od NH4– zamijenjenog zeolita A i MgO te NH4– zamijenjenog mordenita i MgO upotrijeb-
ljene su kao po~etni materijali u sintezi kristalini~nih kerami~kih materijala. Intenzivno mljevenje kugli~nim
mlinom uporabljeno je radi amorfizacije NH4– zamijenjenih zeolita i smanjenja veli~ine ~estica MgO kao i radi
bolje homogenizacije smjese. Grijanjem mljevenih uzoraka smjesa na temperaturama od 800–1000 oC u traja-
nju od 3 sata nastaje kristalini~ni forsterit (Mg2SiO4) s minimalnim primjesama safirina (Mg4Al10Si2O23) u
prvom slu~aju, odnosno kristalini~ni forsterit s tragovima enstatita (MgSiO3) u drugom slu~aju.
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